Two-dimensional ͑2D͒ slab photonic crystals based on Er-doped hydrogenated amorphous silicon alloyed with carbon (a-Si:H:C) are proposed and realized. Freestanding and oxide-cladding slab structures are fabricated and compared. 2D slab active photonic crystal structures show enhanced extraction of the trivalent erbium ion (Er 3ϩ ) luminescence independent of the pump intensity. Temperature-insensitive light extraction efficiency with negligible surface-related nonradiative recombination was experimentally observed. The maximum enhancement became eightfold in freestanding slab structures.
Two-dimensional ͑2D͒ slab photonic crystals based on Er-doped hydrogenated amorphous silicon alloyed with carbon (a-Si:H:C) are proposed and realized. Freestanding and oxide-cladding slab structures are fabricated and compared. 2D slab active photonic crystal structures show enhanced extraction of the trivalent erbium ion (Er 3ϩ ) luminescence independent of the pump intensity. Temperature-insensitive light extraction efficiency with negligible surface-related nonradiative recombination was experimentally observed. The maximum enhancement became eightfold in freestanding slab structures. © 2003 American Institute of Physics. ͓DOI: 10.1063/1.1620687͔ Photonic crystals ͑PCs͒ have been the subject of intense investigation due to their ability to control the properties of photons.
1,2 So far, the two-dimensional ͑2D͒ slab PC structures have been widely studied due to its ease of fabrication. [3] [4] [5] [6] [7] [8] Silicon ͑Si͒ with its high refractive index, vast processing infrastructure, and compatibility with integrated circuits is an ideal host material for PCs. In fact, high-Q PC cavity and low-loss PC waveguides based on silicon-oninsulator substrate have already been demonstrated. [9] [10] [11] However, since Si barely generates photons, its application to an active PC has been severely limited. One way to overcome this problem is doping Si with erbium ͑Er͒. Er 3ϩ luminesces in the technologically important 1.5-m region due to its intra-4 f (4I 13/2
→4I
15/2 ) transition. As this is a parity-forbidden transition of the core level electrons shielded by the valence electrons, the emission is very stable with a relatively narrow linewidth and long lifetime. Furthermore, Er 3ϩ in Si is excited via an Auger-type interaction with carriers with an effective excitation cross section that is million times greater than that of direct photon absorption, allowing effective excitation of Er 3ϩ ions in a film that is less than a micrometer thick. 12 By now, light-emitting diodes as well as woodpile-type PCs based on Er-doped Si have been demonstrated. [13] [14] [15] Er-doped crystalline Si, however, suffers from strong temperature quenching of Er 3ϩ luminescence that renders it impractical at room temperature. This problem can be solved by using amorphous Si 16 or nanocrystal Si 17-20 instead of bulk Si. In this letter, we report 2D slab PCs made of Erdoped hydrogenated amorphous silicon alloyed with carbon (a-Si:H:C). It is a good host material for Er with little temperature quenching of Er 3ϩ luminescence and the advantages of low-cost and compatibility with standard Si processing technologies. 21 It also has a high refractive index necessary for the creation of a photonic band gap ͑PBG͒ for TE-like modes. We find that fabricated PCs display high extraction efficiency, as observed by Boroditsky et al. 3 and Erchak et al. 6 with III-V active materials. However, the maximum eightfold enhancement with insensitivity to pump intensity, temperature, and the nonradiative processes demonstrates the advantage of using core level transition of optical dopant in Si-based material.
500-nm-thick Er-doped a-Si:H:C was deposited on 5-m-thick oxidized silicon substrates by electron cyclotron resonance plasma-enhanced chemical vapor deposition of SiH 4 and CH 4 , with concurrent sputtering of Er. Detailed description of the deposition process can be found in Ref. 16 . The Er, Si, and C concentrations were measured using Rutherford backscattering spectroscopy to be 0.06, 52.8, and 22.7 at. %, respectively. The film also contained about 20 at. % H. The refractive index was measured to be 2.5 at the wavelength of 1.5 m.
2D slab PCs consisting of a triangular lattice of air holes were fabricated in the following procedures. First, thin Au film and poly͑methylmethacrylate͒ ͑PMMA͒ layer are coated on the Er-doped a-Si:H:C. PC patterns are defined on PMMA layer by electron-beam lithography and then transferred to Au film by Ar-ion milling. 8 With a patterned Au mask, Er-doped a-Si:H:C is drilled by reactive ion etching ͑RIE͒ with 50 mTorr CF 4 plasma under a rf power of 70 W. Two types of PC structures, an oxide-cladding structure and a freestanding structure, were investigated. The oxide layer acts as the etch-stop in RIE, forming an oxide-cladding structure. Freestanding structures were fabricated by wet chemical etching with buffered oxide etchant to remove the oxide layer.
The schematic cross-sectional views of fabricated 2D slab PCs and TE-like PB structures obtained by threedimensional ͑3D͒ finite-difference time-domain ͑FDTD͒ calculation are shown in Fig. 1 . In calculation, periodic boundary conditions are employed in lateral directions and absorbing boundaries are set up in vertical directions. The ratios of the air-hole radius to the lattice constant and that of the slab thickness to the lattice constant were 0.3 and 0.4, respectively. The refractive index of oxide layer is 1.5. While the oxide-cladding structure does not have the PBG, the freestanding structure ensures the creation of the PBG due to the higher index contrast. TE-like PBG is from 0.286 to 0.350 in the normalized frequency (a/).
Photoluminescence ͑PL͒ spectra were obtained using the a͒ Electronic mail: yourChoiys@kaist.ac.kr APPLIED PHYSICS LETTERS VOLUME 83, NUMBER 16 20 OCTOBER 2003 cw 488-nm argon laser as a pumping source. A 20ϫ objective lens was aligned in front of the sample to focus the pump beam on the sample and to collect PL from it. To block the pump beam, a 1-cm-thick silicon filter was placed in front of the entrance slit of the 1/4-m monochromator ͑CVI Digikröm DK240͒. The PL spectrum was measured by the InGaAs p -i -n detector ͑new focus #2153͒. The relative PL enhancement of the oxide-cladding structure and the freestanding structure are demonstrated as a function of lattice constant in Fig. 2 . In both structures, the ratio of the air-hole radius to the lattice constant was kept constant at 0.3. The pump power was about 15 mW and the pumping spot was about 20 m diameter for all samples. Integrated PL intensities were normalized by the active area, and the ratio of the 2D slab PC to the as-grown sample was taken as the relative PL enhancement. The relative PL enhancement of each structure becomes larger as the lattice constant is increased because the Er 3ϩ emission is shifted to the higher normalized frequency region where leaky guided modes can couple more to the radiation modes. However, the condition and the amount of maximum PL enhancement are different due to the difference in PB structures. In the oxidecladding structure, the maximum is found at the lattice constant of 1.5 m as shown in Fig. 2͑a͒ . It corresponds to the normalized frequency of 1. As shown in Fig. 1͑c͒ , the frequencies of higher band edges are close to this value.
In case of the freestanding structure, the maximum is found at the smaller lattice constant of 0.9 m, as shown in Fig. 2͑b͒ . This is because the PBs are pulled down to the smaller normalized frequency region as shown in Fig. 1͑d͒ . Here, we can match the band edge frequencies to the lattice constant of 0.9 m for the maximum PL enhancement. The further increase in the lattice constant results in decrease of measured intensity. It is because of the divergence of an extraction angle from the normal direction due to the nonzero in-plane k vectors.
Normalized PL spectra at the maximum enhancement conditions are shown in Figs. 2͑c͒ and 2͑d͒. We find that the peak position and the shape of PL spectra remain the same in both cases. However, the large enhancement of the freestanding structure displays the effect of large index contrast and stronger interaction between the leaky guided modes and the free-standing structure. 22 In general, PCs based on compound semiconductors undergo undesirable surface-related nonradiative recombination and show strong pump power dependence. To investigate the pump power dependence in our structure, PL was measured as a function of pump power with a fixed pump spot 20 m in diameter. We tried two oxide-cladding slab PCs that have different lattice constants and different surface-to-volume ratios. In both cases, we find a nearly complete insensitivity of the pump power as shown in Fig. 3͑a͒ . It is understandable from the fact that Er is excited by trapped carriers rather than by free carriers. 16, 23 If the free carrier excitation is dominant, the relative PL enhancement would strongly depend on the carrier density as free carriers can diffuse and nonradiatively recombine at the surface of 2D slab PCs. Furthermore, the core level transition nature of Er 3ϩ luminescence also renders it insensitive to the pumping condition and the surfaceto-volume ratio.
In case of strong pumping, the subsequent heating can produce deleterious effects, such as thermally activated nonradiative processes and luminescence peak shifts. Note, however, we do not observe those effects up to the pumping density as high as 10 kW/cm 2 . To examine the temperature stability further, we examined the relative PL enhancement at 80 K, as shown in Fig. 3͑b͒ . The relative enhancement is almost the same as that observed at room temperature. A minor change in the relative PL enhancement near the lattice constant of 1.0 m originates from the linewidth narrowing of Er 3ϩ spectrum at 80 K, as shown in the inset of Fig. 3͑b͒ .
In summary, we investigated the light-emitting properties of 2D slab PCs made of Er-doped a-Si:H:C. Freestanding and oxide-cladding slab structures are fabricated and compared. When the air holes are introduced in the Er-doped a-Si:H:C film, the relative PL enhancement becomes larger due to the efficient coupling between the leaky guided modes and the radiation modes. Furthermore, the stable light extraction efficiency that is insensitive to the pump power, the temperature and the nonradiative surface recombination was experimentally observed. We note that the luminescence efficiency of Er 3ϩ may be low in a-Si:H:C. However, such problem can be solved by using nanocrystal Si as a host material. [17] [18] [19] [20] With these active silicon-based materials, one can construct efficient PC waveguide amplifiers as well as the PC light-emitting devices. 13, 14, 20 The application for the PC cavity-QED experiments will also be promising.
